Introduction
Histone deacetylase inhibitors (HDIs) are potent antitumor agents that lead to increased histone acetylation and altered transcriptional activity. 1 To date, most of the responses using HDIs as a single agent were observed in hematologic cancers, particularly T-cell lymphomas. 2 Vorinostat and romidepsin have been approved by the US Food and Drug Administration for the treatment of cutaneous T-cell lymphoma (CTCL), [3] [4] [5] and romidepsin is additionally approved for the treatment of peripheral T-cell lymphoma (PTCL). 6 Romidepsin, a cyclic tetrapeptide isolated from the fermentation product of Chromobacterium violaceum, is a potent HDI that inhibits predominantly class I histone deacetylases (HDACs). 2, [7] [8] [9] [10] Like other HDIs, romidepsin induces both cell cycle arrest and apoptosis in vitro. 11 We observed the clinical efficacy of romidepsin in patients with PTCL or CTCL in phase 1 testing 7 and in a follow-up multi-institutional phase 2 trial. 5 However, both acquired and de novo resistance to romidepsin were observed. 5 Thus, studies are needed to determine mechanisms of resistance and combination strategies that may lead to increased efficacy. Early studies with the National Cancer Institute (NCI) Anticancer Drug Screen demonstrated that romidepsin was a substrate for the ATP-binding cassette transporter P-glycoprotein (Pgp). 12 Although epigenetic effects of romidepsin, including upregulation of MDR-1/Pgp were observed in normal and malignant peripheral blood mononuclear cells (PBMCs) of patients treated with romidepsin, no evidence for Pgp-mediated resistance emerged in clinical samples obtained from patients with CTCL or PTCL at the time of disease progression. 13, 14 Other, non-Pgp mechanisms of resistance have been suggested, such as activation of the mitogen-activated protein kinase (MAPK) pathway. Lung cancer cells transfected with constitutively active MAPK kinase (MEK) acquired romidepsin resistance, 15 and cell lines harboring activated MEK were more sensitive to combined treatment with romidepsin and an MEK inhibitor than to romidepsin alone. 16 Given the frequent MAPK pathway activation in cancer, this could represent a significant mechanism of resistance.
To explore non-Pgp mechanisms of resistance to romidepsin, we generated three romidepsin-resistant sublines by selecting the CTCL cell line HuT78 with romidepsin in the presence of Pgp inhibitors verapamil or valspodar (PSC833) to prevent emergence of the transporter. Although the selected cell lines were highly resistant to romidepsin, they were also resistant to apoptosis mediated by treatment with apicidin, entinostat, panobinostat, belinostat, and vorinostat. Our results suggest that decreased expression of proapoptotic Bim via MAPK pathway activation is a mechanism of resistance to romidepsin as well as other HDIs and underscore the potential importance of Bim in romidepsin-mediated cell death.
Materials and methods

Drug source
Romidepsin (depsipeptide; NSC 630176) was obtained from the NCI Anticancer Drug Screen (Bethesda, MD). Belinostat, entinostat, panobinostat, ABT-737, OSI-906, AS703026, AZD6244, and PD0325901 were obtained from ChemieTek (Indianapolis, IN). AG1024 and LY294002 were obtained from Calbiochem (San Diego, CA). Vorinostat was purchased from Cayman Chemicals (Ann Arbor, MI). Valspodar (PSC833) was a kind gift from Novartis Pharmaceuticals (New York, NY). Puromycin and verapamil were purchased from Sigma Chemicals (St. Louis, MO).
Cell culture
The human CTCL cell line HuT78 and the myeloma cell line RPMI-8226 were obtained from American Type Culture Collection (Manassas, VA). The cells were grown in RPMI 1640 supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY) with antibiotics at 37°C in 5% CO 2 . The romidepsin-resistant sublines DpVp35 and DpVp50 were independently selected and were maintained in 35 and 50 ng/mL romidepsin, respectively, in the presence of 5 mM verapamil. 17 The DpP75 subline was maintained in 75 ng/mL romidepsin and 3 mg/mL valspodar (PSC833). The Dp500 subline was cultured in 500 ng/mL romidepsin alone and was previously characterized as overexpressing Pgp. 17 To develop cells with stable knockdown of Bim, HuT78 parental and DpP75 cells were transduced with MISSION short hairpin RNA (shRNA) lentiviral particles containing empty vector, nontargeting shRNA, or shRNA targeting BCL2L11 (Sigma-Aldrich, St. Louis, MO). Cells were incubated with 2 mg/mL puromycin, and the surviving cells were pooled to generate stably transduced cell lines.
Cytotoxicity assays
Cells were plated in 96-well plates (1000 cells/well), and 4-day cytotoxicity assays were performed by using the CellTiter 96 AQueous One kit (Promega, Madison, WI). Cells were incubated in quadruplicate in varying concentrations of drug for 96 hours.
Flow cytometry
Apoptosis was measured by using the Annexin V-FITC Apoptosis detection kit (BD Biosciences, San Diego, CA). Fluorescein isothiocyanate (FITC) and propidium iodide fluorescence were detected with a FACSort flow cytometer (BD Biosciences). An unpaired, two-tailed Student t test was used to determine significant differences in apoptosis induction, with P , .05 considered significant.
Immunoblot analysis
Whole cell lysates were prepared by using radioimmunoprecipitation assay buffer (50 mM Tris-HCl [pH 7.4],1% Triton X-100, 10% glycerol, 0.1% sodium dodecyl sulfate, 2 mM EDTA, and 0.5% deoxycholic acid, 50 mM NaCl, and 50 mM NaF) with protease inhibitor (Sigma-Aldrich) and phosphatase inhibitor cocktails (Roche). Extracted proteins were electrophoresed, transferred to nitrocellulose (Invitrogen, Carlsbad, CA), and incubated in 5% nonfat milk/Tris-buffered saline or, for phosphoproteins, in LI-COR blocking buffer (LI-COR, Lincoln, NE). Membranes were incubated overnight at 4°C with primary antibody, washed with 0.1% Tween-20 in Trisbuffered saline, and incubated with LI-COR secondary antibody conjugate; the signal was quantitated by using the Odyssey Infrared Imager (LI-COR). The primary antibodies were from Cell Signaling Technology (Beverly, MA), unless otherwise specified: IGF1R, IRS2, Mcl-1, Bcl-xL, Bid, Bax, Bak, and Bim; phosphorylated and total Akt, STAT3, mTOR, MEK, and ERK; total PARP, cleaved-PARP, insulin receptor beta (Santa Cruz Biotechnology, Santa Cruz, CA), and acetylated histone H3 (Millipore, Billerica, MA). GAPDH antibody (American Research Products, Belmont, MA) served as a loading control.
RNA isolation and polymerase chain reaction assays
Total RNA was isolated by using Trizol (Invitrogen), and 1 mg was reverse transcribed by using the High Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Applied Biosystems, Foster City, CA) with reverse transcription conditions: 10 minutes at 25°C, 120 minutes at 37°C, 5 minutes at 85°C.
Expression levels of 381 MDR-associated genes were measured by using a custom-made TaqMan Low-Density Array (Applied Biosystems). 18 The median expression of each sample was subtracted from all gene expression data for that sample. One of the genes (18S) was present as multiple probes. The expression data from the multiple probes for that gene were averaged together. Relative quantification of genes was performed by using the ΔΔ Ct method. 19 Real-time polymerase chain reaction (RT-PCR) was performed by using the Univeral ProbeLibrary System. Complementary DNA (cDNA) was obtained by reverse transcription of 1 mg RNA using random primers, and amplification was done by using specific primers listed in supplemental Table 2 . Amplification of RN28S1 served as an internal control. Quantitative RT-PCR was done by using TaqMan Master Mix (Light Cycler Taq Man Master #04535286001; Roche Applied Science) in a LightCycler 480 instrument. PCR amplification was carried out at 95°C for 10 minutes followed by 30 to 35 cycles of 95°C for 10 seconds and 60°C for 10 seconds. Fluorescent signal was acquired at the end of the elongation step of every PCR cycle (72°C for 1 second). PCR results were first normalized by RN28S1, and fold changes were determined by dividing expression values of the genes in the resistant cells by expression in the parental cells; in the patient samples, the treated samples were normalized by untreated controls.
Patient samples, array analysis, and immunohistochemistry
All patient samples were obtained from patients with CTCL enrolled on the NCI1312 phase 2 study of romidepsin administered as a 4-hour infusion at 14 mg/m 2 on days 1, 8, and 15 of a 28-day schedule in T-cell lymphoma. 5 PBMCs were obtained before infusion (pre), and at 4 hours or 24 hours after the start of the infusion of the first cycle of treatment. Levels of acetylated histone H3 and ABCB1 gene expression were previously reported. 14 Samples were hybridized on Illumina WG-8v2 human whole-genome bead arrays by using a constant amount (400 ng) of total RNA. Illumina BeadStudio v.3.0 software was used to export expression levels and detection P values for each probe of each sample. Arrays were quantile normalized and filtered to remove noninformative probes. A probe was regarded as noninformative if it had a detection value of P . .05 in all samples or if the maximum ratio between all sample pairs was below 1.2. For heatmap generation, an annotated list of 17 genes shown to be under the control of the MAPK pathway was selected (supplemental Table 1 ). All genes in the data set were subject to log transformation and mean centering normalization. As a secondary filter, only genes with a twofold change in expression at 4 hours or 24 hours compared with pretreatment levels (pre) were considered. A heatmap was then generated with genes grouped by hierarchical clustering by using Pearson correlation for the similarity metric and centroid linkage. Transformations and clustering were done by using Cluster 3.0 software, and Java TreeView software was used for heatmap generation.
Immunohistochemical analyses were performed on formalin-fixed, paraffin-embedded skin biopsies obtained pretreatment and at the time the patients went off study (except where noted). After deparaffinization and rehydration, Bim immunohistochemistry was performed with citrate buffer antigen retrieval. Following an endogenous peroxidase block and normal goat serum block, Bim antibody (Cell Signaling Technology) was incubated overnight at 4°C and diluted 1:50. A biotinylated goat anti-rabbit secondary antibody and Vector's Vectastain Elite ABC (Vector Laboratories) reagent were used in addition to diaminobenzidine for detection. Slides were counterstained in hematoxylin. Cell pellets of HuT78 were used as a positive control. Negative control slides were incubated with a normal rabbit immunoglobulin G monoclonal isotype control in place of Bim. Slides were subsequently scored by a pathologist.
Results
Characterization of romidepsin-resistant HuT78 sublines
We studied the resistant HuT78 sublines DpVp35, DpVp50, and DpP75, each an independent selection in romidepsin (Dp, depsipeptide) in the presence of the Pgp inhibitors verapamil (Vp) or valspodar (P; PSC833) to avoid selection for Pgp expression. 13, 17, 20 Following a 48-hour exposure to romidepsin (1, 10, and 100 ng/mL), significant apoptosis was observed in parental cells at 1 ng/mL romidepsin, and the DpVp35, DpVp50, and DpP75 sublines exhibited minimal apoptosis, even when exposed to high levels of romidepsin ( Figure 1A ). Cells were then treated with apicidin, entinostat, vorinostat, belinostat, or panobinostat for 48 hours. Although HuT78 cells were sensitive to all HDIs tested, less apoptosis was observed with DpVp35, DpVp50, and DpP75 cells, as shown in Figure 1B . Notably, romidepsin, apicidin and entinostat target predominantly class I HDACs, and the others also target HDAC6. 9 In 4-day cytotoxicity assays, the DpVp35, DpVp50, and DpP75 sublines were more than 150-fold resistant to romidepsin compared with parental cells (Table 1 ). The resistant sublines were not cross-resistant to panobinostat, vorinostat, or belinostat in the 96-hour assay ( Table 1 ), suggesting that the longer exposure may lead primarily to growth arrest in the resistant lines.
We next examined global histone H3 acetylation as a marker of HDAC inhibition after treatment with various concentrations of romidepsin for 24 hours. Histone H3 acetylation was readily observed in DpP75 cells, although to a lesser extent than observed in the parental line (18-fold vs fourfold; Figure 2A ). This was in contrast to Pgp-overexpressing Dp500, in which histone acetylation was not observed unless the Pgp inhibitor valspodar was added ( Figure 2B ). Flow cytometry for Pgp at the cell surface demonstrated slightly higher levels in DpVp50 and DpP75 cells than in Pgp-negative parental cells but much lower than in Dp500 cells ( Figure 2C ). The Pgp inhibitor tariquidar did not increase apoptosis in the DpVp50 or DpP75 cells when treated for 48 hours with romidepsin, in contrast to results in Dp500 cells ( Figure 2D ). Although the apparently reduced histone acetylation in the resistant cells could be due to altered uptake or adaptation to chronic exposure, these results show unequivocally that Pgp is not a significant mechanism of resistance in the DpVp and DpP sublines.
Romidepsin-resistant HuT78 cells express increased levels of insulin receptor and phosphorylated MEK
Seeking mechanisms of resistance, we determined the expression of 381 genes associated with drug resistance by using a custommade TaqMan low-density array. 21 Gene expression data from untreated HuT78 parental cells was compared with DpVp35 and DpP75 cells (Gene Expression Omnibus [GEO] with accession number: GSE45018). Genes expressed at twofold or higher levels in the DpVp35 cells relative to parental cells are presented in supplemental Table 3 ; genes decreased by twofold or more are presented in supplemental Table 4 . Increased expression of ABCB1, INSR, IGF1R, MMP9, and TGFA was found in DpVp35 cells compared with parental cells, although expression of several signaling pathway genes was downregulated. STAT3 and STAT5B, reported to correlate with resistance to vorinostat in a panel of lymphoma cell lines, 22 were downregulated in DpVp35-resistant cells.
Several genes identified in the TaqMan array were examined by RT-PCR in the three sublines ( Table 2 ). In agreement with the array data, expression of INSR was increased 390-fold or more over parental levels in the 3 drug-selected sublines. RT-PCR confirmed the decrease observed with the array in TNFSF10 and ABCC11 expression in the resistant sublines. However, increased expression of IGF1R was not observed by RT-PCR nor was the decrease in NTRK2 expression.
We explored the expression of insulin receptor (IR) and downstream signaling effectors by immunoblot analysis. Increased expression of IR was found in the resistant sublines, confirming array data ( Figure 2E ). The mitogenic signal of the IR is transmitted via the MAPK pathway, and the metabolic signal is transmitted via the phosphatidylinositol 3-kinase (PI3K) pathway, 23 leading us to examine both the MAPK and the PI3K pathways in the resistant sublines. Phosphorylated MEK levels were five-, four-and eightfold higher in the DpVp35, DpVp50, and DpP75 cells, respectively, compared with parental cells ( Figure 2F ). In contrast, in the PI3K pathway, we observed low levels of IRS2, a decrease in the levels of pAkt, and no change in phosphorylated mTOR levels ( Figure 2G ). Additionally, STAT3 was dephosphorylated in the resistant cells ( Figure 2H ). No consistent changes in EIF4e or S6K phosphorylation were observed (data not shown).
Treatment of the parental cells for 24 hours with increasing concentrations of romidepsin caused enhanced expression of IR at both the transcriptional level (Table 2 ) and the protein level but no increase in MEK phosphorylation ( Figure 2I ).
Romidepsin-resistant HuT78 cells exhibit exquisite sensitivity to MEK inhibitors
Because MEK inhibitors induce growth arrest and apoptosis in cells with activated MAPK pathway, 24 we examined the effect of MEK inhibitors on the romidepsin-resistant sublines. Cells were treated for 48 hours with the MEK inhibitors AZD6244, AS703026, and PD0325901. Exquisite sensitivity was noted in the resistant cells, with high levels of annexin staining evident after treatment with as little as 1 nM PD0325901 or 50 nM AZD6244 or AS702036 ( Figure 3A ; data from a representative experiment is shown in supplemental Figure 1 ). Minimal apoptosis was observed in the parental cells, even following 500 nM MEK inhibitor. ERK dephosphorylation confirmed inhibition of MEK kinase activity in the DpVp50 ( Figure 3B ) and DpP75 ( Figure 3C ) cells, following 48-hour treatment with PD0325901 or AZD6244, respectively. The increased apoptosis observed by flow cytometry after treatment with MEK inhibitors was confirmed by increased PARP cleavage ( Figure 3B-C) . Romidepsin-resistant cells were not sensitive to a 48-hour treatment with insulin receptor inhibitors (15 mM OSI-906 or 25 mM AG1024) or a PI3K inhibitor (5 mM LY294002) (data not shown). 
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Next, we investigated whether the resistant cells could be resensitized by combining romidepsin with MEK (PD0325901), PI3K (LY294002), or insulin receptor (OSI-906) inhibitors ( Figure 3D ). The combination experiments were difficult to perform with the MEK inhibitor, given the marked sensitivity noted above. Both parental and resistant cells were treated for 48 hours with 25 ng/mL romidepsin. As expected, significant apoptosis followed romidepsin exposure in parental cells (P , .001) but not in the DpVp50 cells. Addition of MEK inhibitor induced cytotoxicity alone in the resistant cells (P , .002 for all concentrations compared with control). When romidepsin was combined with 1 or 3 nM PD0325901, a statistically significant increase in apoptosis was noted compared with treatment with MEK inhibitor alone (P 5 .022 and P 5 .048, respectively). Only a nonsignificant small increase in apoptosis was observed when either LY294002 or OSI-906 was combined with romidepsin.
Bim expression plays a role in apoptosis mediated by romidepsin and MEK inhibitors
In cell line models, activation of the MAPK pathway has been shown to lead to repression of the proapoptotic protein Bim. ERK directly phosphorylates Bim, leading to ubiquitination and degradation by the proteasome. 25, 26 MEK inhibitors prevent phosphorylation of Bim by ERK, thereby facilitating increased Bim expression and apoptosis. 27 Immunoblot analysis showed readily detectable Bim expression in HuT78 cells but reduced Bim expression in the resistant sublines ( Figure 3E ).
Expression levels of other members of the Bcl-2 family were also assessed ( Figure 3F ). In drug-sensitive HuT78 cells, high Bim and high levels of prosurvival Mcl-1 were noted. In the resistant sublines, Mcl-1 levels were decreased compared with parental cells; this appeared to be due to loss of pSTAT3, since treatment of HuT78 cells with a STAT3 inhibitor resulted in decreased Mcl-1 (data not shown). Bax levels were similar in all cell lines and Bak levels were slightly elevated in the resistant lines. The resistant cells also expressed increased levels of the prosurvival protein Bcl-xL. Enforced expression of Bcl-xL has been shown to prevent romidepsin-mediated apoptosis in cell line models. 28 To determine whether re-expression of Bim correlated with apoptosis in the romidepsin-resistant cells, we examined Bim and cleaved PARP in MEK inhibitor-treated cells. Treatment of DpVp50 ( Figure 3G ) and DpP75 ( Figure 3H ) cells with the MEK inhibitors AZD6244 and PD0329501, respectively, for 48 hours restored the level of Bim in the resistant sublines back to parental levels, even at concentrations as low as 1 nM ( Figure 3H ). Re-expression of Bim was accompanied by increased cell death as shown by increased PARP cleavage-in agreement with the increased annexin V levels measured by flow cytometry shown in Figure 3A .
We next targeted Bim expression in the DpP75 cells with an shRNA to its encoding gene BCL2L11. DpP75 cells stably transduced with empty vector, vector encoding a nontargeting shRNA, or vector containing the shRNA to BCL2L11 were exposed to 250 nM AZD6244 or PD0325901 for 48 hours. The expected induction of Bim and cleaved PARP were notably diminished after MEK inhibitor treatment in cells transduced with the shRNA to BCL2L11 ( Figure 4A) . Stable transfectants were then exposed to 25 ng/mL romidepsin and 250 nM AZD6244 or PD0325901 for 48 hours and subsequently stained with annexin V and propidium iodide. MEK inhibitors resulted in significant cell death (P , .0001 compared with C or Dp for all 3 transductions), but significantly more cells survived in the BCL2L11 shRNA-transduced cells compared with cells transduced with empty vector or nontargeting shRNA Figure 2 . Resistance to romidepsin in HuT78, DpVp50, and DpP75 cells does not involve P-glycoprotein but does involve the MAPK pathway. (A) Whole-cell lysates were prepared from HuT78 or DpP75 cells after a 24-hour incubation in the noted concentrations of romidepsin (Dp), subjected to polyacrylamide gel electrophoresis (PAGE) and transferred to nitrocellulose. Blots were probed with acetylated histone H3 (AcH3), histone H3 (H3), or GAPDH antibodies. Results from 1 of 3 independent experiments are shown; densitometry of AcH3, with normalization to histone H3 levels, is shown on the bottom row. (B) Pgp-expressing Dp500 cells were incubated with the noted concentrations of romidepsin in the presence or absence of 3 mg/mL of the Pgp inhibitor valspodar (PSC). Whole-cell lysates were prepared, subjected to PAGE, transferred to nitrocellulose, and probed with antibodies to AcH3 and GAPDH as in (A). Results from 1 of 3 independent experiments are shown. (C) HuT78 parental, DpVp50, and DpP75 cells were incubated with either an isotype control antibody (red histogram) or with the anti-Pgp antibody MRK-16 (Kamiya Biomedical, Seattle, WA) to detect cell surface expression (blue histogram) for 30 minutes, after which cells were washed and incubated with a phycoerythrin-labeled secondary antibody (Vector Laboratories, Burlingame, CA) and subsequently analyzed by flow cytometry. (D) HuT78, DpVp50, DpP75, and Dp500 cells were treated with 1 or 10 ng/mL of romidepsin (Dp) for 48 hours in the presence or absence of 200 nM of the Pgp inhibitor tariquidar (Tar.) or with tariquidar alone for 48 hours. Cells were harvested and incubated with anti-annexin V antibody and propidium iodide as outlined in Figure 1 . Graphed results are from at least 3 independent experiments. Whole-cell lysates were prepared from HuT78 parental, DpVp35, DpVp50, and DpP75 cells, subjected to PAGE, and transferred to nitrocellulose membranes. The membranes were incubated with antibodies to (E) insulin receptor beta or GAPDH; (F) MEK, phosphorylated MEK (pMEK), ERK, or phosphorylated ERK (pERK); (G) Akt, phosphorylated Akt (pAKT), mTOR, phosphorylated mTOR (p-mTOR), IRS2, or GAPDH; and (H) STAT3, phosphorylated STAT3 (pSTAT3), or GAPDH. (I) HuT78 cells were treated with the noted concentrations of romidepsin for 24 hours. Expression of IR beta and pMEK was then examined by immunoblot analysis of whole-cell lysates. GAPDH served as a loading control. All experiments were performed at least 3 times. C, control.
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For personal use only. on July 15, 2017. by guest www.bloodjournal.org From (P , .002 for both AZD6244 and PD0325901; Figure 4B ). Similar results were observed in HuT78 cells, in which Bim expression was markedly reduced in HuT78 cells transduced with shRNA to BCL2L11 compared with cells transduced with empty vector or nontargeting shRNA ( Figure 4C ), and these cells were also more resistant to 48-hour treatment with 1 or 10 ng/mL romidepsin (P , .03 compared with empty vector or nontargeting shRNA) ( Figure 4D ). These results suggest that Bim plays a role in both apoptosis mediated by MEK inhibitor in the resistant cells and apoptosis mediated by romidepsin in HuT78 cells.
To explore whether the increased Bcl-xL was important in the resistant lines, we incubated HuT78 and DpVp50 cells with the Bcl-2 mimetic ABT-737, which targets cells that rely on expression of prosurvival Bcl-2, Bcl-xL or Bcl-w; cells that rely on Mcl-1 expression are known to be resistant to ABT-737. 29 Parental HuT78 cells were resistant to ABT-737 at 1 or 2.5 mM when treated for 48 hours, while ABT-737 induced apoptosis in the DpVp50 cells ( Figure 4E) . Thus, the romidepsin-selected sublines appear to rely on increased Bcl-xL expression along with the reduction in Bim expression. This contrasts with parental cells, which appear to rely predominantly on Mcl-1 expression.
Short-term romidepsin treatment combined with MEK inhibition is effective in a different hematologic malignancy model with MAPK pathway activation
Our results suggested that cell lines with activation of the MAPK pathway might exhibit inherent resistance to romidepsin treatment and might be sensitized to romidepsin by MEK inhibitors. To address this question, we examined KRAS-mutant RPMI-8226 myeloma cells. To more closely represent the clinical dosing of romidepsin, we treated cells with 25 ng/mL romidepsin for 6 hours followed by a 42-hour incubation in romidepsin-free medium and examined apoptosis via annexin staining ( Figure 4F ). Approximately 50% of cells were annexin positive with romidepsin alone; a significant increase in apoptosis was observed when combined with 250 nM MEK inhibitors AZD6244 or PD0325901 (P , .006) that alone had little activity. Thus, response to romidepsin treatment can be improved by concomitant treatment with MEK inhibitors in hematologic cancers with activation of the MAPK pathway. Having observed that activation of the MAPK pathway afforded protection from romidepsin-induced cell death, we sought evidence of interaction with the pathway by examining expression of genes regulated by the MAPK pathway. RNA was isolated from PBMCs obtained from 7 patients with circulating CTCL cells collected before and after receiving romidepsin. From a microarray analysis of the samples (GEO with accession number: GSE45405), we sourced expression data for a series of 17 genes that have been shown to be under the control of the MAPK pathway (shown in .3 model systems; see supplemental Table 1 for annotated list). As shown in Figure 5A , the genes clustered into 2 distinct groups: 1 in which gene expression was suppressed at 4 hours and rebounded at 24 hours and 1 in which gene expression increased at 4 hours and then decreased at 24 hours. Quantitative PCR analysis for a selection of MAPK downregulated genes was confirmed in another subset of patients and contrasted with ABCB1 ( Figure 5B ), which we previously found upregulated in peripheral blood samples taken from patients treated with romidepsin. 14 These results demonstrate that romidepsin alters expression of genes controlled by the MAPK pathway, a finding consistent with a role for perturbation of this pathway in romidepsin effect.
We also examined Bim expression in skin biopsy samples to look for potential changes after romidepsin treatment. Samples were generally obtained before patients received the first dose of romidepsin, except in the case of patient 8 in whom the sample was obtained after 2 months on study and near the off-study date. As shown in Figure 5C , in patients 8 and 9, Bim expression was readily detectable initially but decreased in the off-study sample. Although tumor shrinkage was observed in patients 8 and 9, neither had a confirmed clinical response. Focal positivity was observed in patient 10, who had a sustained partial remission. Bim expression was low in both samples in patient 11, who experienced only disease progression.
Discussion
Despite the fact that two HDIs have gained approval for the treatment of CTCL and/or PTCL, knowledge of clinical mechanisms of resistance to this class of antiproliferative agents is limited. 30 Although Pgp confers transporter-mediated resistance to romidepsin, this was not observed in the clinical samples studied. 14 We thus focused on nonPgp resistance mechanisms, evaluating HuT78 CTCL sublines independently selected in romidepsin in the presence of verapamil or valspodar to prevent the emergence of Pgp-mediated resistance. 17 We probed potential resistance mechanisms in the romidepsin-resistant lines by using a high-throughput TaqMan-based quantitative RT-PCR assay, 31 finding increased INSR expression as well as increased IR protein and phospho-MEK expression. The MAPK pathway activation evidently led to suppression of the proapoptotic protein Bim, a mechanism of resistance not previously described in romidepsinselected cells.
Some earlier studies pointed to activation of the MAPK pathway as a potential mechanism of resistance to anticancer agents including romidepsin. In cell lines selected in the mutant BRAF inhibitor vemurafenib (PLX4032), N-RAS upregulation was linked to restoration of MAPK pathway activation and resistance. 32 Similarly, Expression of various genes normalized to GAPDH levels as determined by RT-PCR. Gene expression values for resistant sublines were then divided by expression levels for parental cells to obtain the fold increase for each subline. erlotinib-or gefitinib-resistant lung cancer cells overexpress MET, leading to increased MEK phosphorylation. 33 Transfection of A549 lung carcinoma cells with constitutively active MEK lowered the proapoptotic effects of romidepsin. 15 Similarly, Ozaki et al suggested that combination of a MEK inhibitor with an HDI including romidepsin enhanced apoptosis in cells with a constitutively active ERK pathway. 16 Our results extend these earlier observations and present evidence that perturbation of the MAPK pathway may lead to resistance to romidepsin-mediated apoptosis. Consistent with these observations are results in clinical samples that show inhibition of MAPK-controlled genes immediately after romidepsin treatment; other MAPK-controlled genes increase immediately after romidepsin treatment. These clinical results together with the HuT78 model suggest that romidepsin alters the basal regulation of the MAPK pathway in malignant T cells. Resistance emerges by upregulation or adaptation of the MAPK pathway to the romidepsin effect. Thus, combination of romidepsin with MEK inhibitors may increase the clinical efficacy of romidepsin in cancers with MAPK pathway activation. MEK inhibitors are currently being evaluated in clinical trials to treat lymphoma (NCT01278615). In separate studies, we have found that MEK inhibitors increase the sensitivity of solid tumor cell lines to romidepsin, suggesting that this mechanism of resistance identified in the HuT78 cell line may be a fundamental way that solid tumor cells evade sensitivity to romidepsin (manuscript in preparation; R.W.R., V.L.L., Julian C. Bahr, A.R.C., Z.Z., Alexandra Zimmer, and S.E.B.).
Bim, a proapoptotic protein that has been shown to interact with antiapoptotic proteins such as Bcl-2, Bcl-xL, and Mcl-1, is known to be transcriptionally regulated by the forkhead box transcription factor class O (FoxO), particularly FoxO3 and FoxO1, and posttranslationally regulated by the MAPK pathway. 34 Activation of MAPK leads to phosphorylation of Bim by ERK, resulting in degradation via the proteasome. 25, 26 Low Bim expression has been shown to confer resistance to cytotoxics, including resistance to paclitaxel in transformed mouse kidney epithelial cells following phosphorylation and degradation of Bim by the RAS/MAPK pathway. 35 Cell lines with low basal levels of Bim were shown to respond poorly to treatment with kinase inhibitors, and Bim levels in chemonaive tumor samples predicted clinical benefit from treatment with EGFR inhibitors. 36 We detected decreased levels of Bim in romidepsinresistant HuT78 cells compared with parental cells, suggesting that romidepsin may be less effective in cells with decreased Bim or in cells where romidepsin treatment does not increase levels of Bim. This latter theory is supported by Yang et al, who demonstrated decreased apoptosis in H1299 cells when treated with romidepsin because of a lack of FoxO1-mediated increase in Bim. 37 Additionally, cells in Figure 5 . Examination of the MAPK pathway and Bim expression in patient samples. (A) Microarray analysis of total RNA isolated from samples of circulating tumor cells from 7 patients before romidepsin infusion (0 hours), at 4 hours after initiation of the infusion (4 hours), and 24 hours after initiation of the infusion (24 hours). An annotated list of genes that were shown to be under the control of the MAPK pathway was compiled from a series of studies and selected for analysis (supplemental Table 1 ). Ratios for all genes versus pretreatment values were log transformed and mean centered. An additional filter was applied to the untransformed ratios such that only genes with at least 1 ratio .2 were considered. A heatmap was then generated by using the centroid method for hierarchical clustering and Pearson correlation for the similarity metric.
(B) Quantitative PCR analysis of selected MAPK-regulated genes as well as MDR-1 was performed in a subset of patients with CTCL treated with romidepsin. Genes observed to be decreased in the array in (A) were confirmed in a separate set of messenger RNA samples. (C) Bim expression as detected by immunohistochemistry in skin biopsies collected before or while on study (left column) and at disease progression (right column) from 4 patients treated with romidepsin. Magnification 340.
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For personal use only. on July 15, 2017. by guest www.bloodjournal.org From which Bim has been deleted have been shown to be resistant to vorinostat treatment in a mouse model of B-cell lymphoma. 38 In the clinic, HDIs have shown promising responses as a single agent only in certain hematologic malignancies. 2 Romidepsin has significant and sustained single-agent activity in patients with refractory CTCL, with a 34% response rate and duration of response of 11 to 15 months. 5 However, despite response to the therapy, resistance emerges in both PTCL and CTCL. Moreover, the effects of romidepsin seen in preclinical and in vitro models have not been translated to the clinic in solid tumors. Studies have shown that HDIs can synergize with a wide range of antitumor agents, and several HDIs, including romidepsin, are currently in clinical trials in combination with different anticancer agents. 39 Undoubtedly, resistance to romidepsin will be multifactorial, but our observations of the role of activated MEK in limiting the activity of romidepsin suggest that future clinical trials combining MEK inhibitors with romidepsin may result in significant and sustained responses.
